We investigate spallogenic effects on magnesium isotopic compositions in solids with hibonite-like (CaAl 12 O 19 ) chemistry under an irradiation setting in the early solar system. We consider a series of nuclear reactions triggered by gradual flare irradiation, with an energy spectrum dN/dE ∝ E −2.7 and a proton flux F p (E 10 MeV) = 1.9 × 10 10 cm −2 s −1 , on isotopically normal hibonite-like solids. The proton fluence is constrained by matching the 10 Be/ 9 Be measured in meteoritic hibonite platy crystals. The net result, accounting for both production and destruction reactions of Mg isotopes, shows small deviations from the terrestrial isotopic composition with the sign and magnitude of Δ 26 Mg effects dependent on both low energy cutoff and total fluence. The total span of predicted spallogenic deviations can explain small apparent 26 Mg excesses observed in some hibonite grains, but does not account for the magnitude of apparent 26 Mg deficits found in other grains. As previously indicated, irradiation by gradual flares decouples Δ 26 Mg variations and 26 Al/ 27 Al from 10 Be/ 9 Be.
INTRODUCTION
Irradiation by solar energetic particles (SEP) from an active proto-Sun has long been proposed as a possible source for producing rare light isotopes (e.g., D, 6 Li, 7 Li) and some of the short-lived radionuclides known to have been present in the early solar system, such as 26 Al and 10 Be (e.g., Fowler et al. 1961; Lee 1978; Lee et al. 1998; Gounelle et al. 2001) . The idea of intense solar irradiation occurring 4.6 Gyr ago is both cosmochemically and astronomically supported. One line of evidence comes from high inferred 10 Be/ 9 Be ratios (up to ∼1 × 10 −3 ) at the time of formation of Ca-Al-rich Inclusions (CAIs) in chondritic meteorites (e.g., McKeegan et al. 2000; Chaussidon et al. 2006 ). Astronomical evidence is provided by recent Chandra X-ray observations of young stellar objects (YSOs) in the Orion Nebula (e.g., Feigelson et al. 2002a Feigelson et al. , 2002b , which suggest that essentially all solar-type YSOs undergo an epoch of greatly enhanced energetic particle emission. It is thus plausible that early-formed mineral phases, such as CAIs, could have suffered SEP irradiation. Important questions are whether certain isotopic abundance anomalies present in these early solar system rocks require such an irradiation, and if so, what constraints can be derived on the astrophysical conditions via spallation models (e.g., Lee 1978; Heymann et al. 1978; Lee et al. 1998; Gounelle et al. 2001) constructed to explain the observed isotope ratios.
Magnesium is one of the most extensively studied elements in refractory components of meteorites because it provides evidence for the former presence of 26 Al (t 1/2 = 0.7 Myr) by virtue of radiogenic excesses of 26 Mg correlated with Al/Mg (e.g., Lee et al. 1976 ). The evidence for in situ 26 Al decay is seen in most CAIs, however, rare classes of inclusions, including the so-called FUN CAIs (Wasserburg et al. 1977) , exhibit apparent 26 Mg deficits by 1‰-4‰ (e.g., Lee & Papanastassiou 1974) that cannot be due to 26 Al. The origins of these anomalies are not well understood.
Hibonite (CaAl 12 O 19 ) inclusions, found primarily in CM chondrites (Brearley and Jones 1998) , constitute one group of objects that show both signatures mentioned above. isotopic compositions split CM hibonite grains into two distinct populations that are correlated with morphology and mineral chemistry (Ireland 1988) . Spinel-HIBonite spherules (SHIBs) are typically characterized by 26 Al/ 27 Al = (4.5-5) × 10 −5 , similar to the majority of CAIs from several meteorite classes. In contrast, PLAty hibonite Crystals (PLACs) generally formed without 26 Al, but instead display a relatively small range of Δ 26 Mg values from −4‰ to +5‰ that are independent of Al/ Mg of the grains (Fahey et al. 1987; Ireland 1988 Ireland , 1990 Ireland et al. 1991; Sahijpal et al. 2000; Liu et al. 2009 (Fahey et al. 1987; Ireland 1988 Ireland , 1990 . However, the lack of dependence of Δ 26 Mg on Al/Mg argues against this view (Liu et al. 2009 ). Even harder to understand are the cause(s) of negative Δ 26 Mg values. The imperfect mixing of isotopically distinctive interstellar dust with solar system material is one possibility (see Liu et al. 2009; Gyngard et al. 2009 ). However, a problem with any such exotic origin is that the apparent 26 Mg deficits are relatively small and uniform compared, for example, to the huge and variable isotopic anomalies in 48 Ca and 50 Ti of clear nucleosynthetic origin found in many PLACs (e.g., Fahey et al. 1985 Fahey et al. , 1987 Ireland 1988 Ireland , 1990 (Marhas et al. 2002; Marhas & Goswami 2003; Liu et al. 2009 ), indicating that particle (i.e., proton) irradiation occurred when these grains formed. Inspired by the studies of Lee (1978) and Heymann et al. (1978) , we set ourselves the goal of evaluating the evolution of magnesium isotopic abundances in PLACs under an irradiation environment like that which appears to have characterized the early solar system during the epoch when refractory minerals were forming in high-T environments (likely near the proto-Sun; Shu et al. 1997; McKeegan et al. 2000) .
IRRADIATION MODEL
In an irradiation environment, the production of a nuclide P j from spallation nuclear reactions on a target follows the equation,
where f k is the time dependent flux of various incoming particles, usually represented by a power-law distribution as a function of kinetic energy, σ i→j (E) represents the cross section of a given nuclear reaction that converts a target nuclide "i" to a product isotope "j," and N i is the number of atoms for target nuclide "i" per gram of sample material. A summation accounts for multiple species of projectiles "k" participating in the irradiation, and if more than one target is involved to produce "j," the contribution from each target isotope "i" has to be included as well. The integrations over energy and over time yield P j , the total production of nuclide "j" per gram.
To assess the change in magnesium isotopic compositions, all destruction and production processes of the relevant isotopes, including the production of 26 Al (which ultimately all decays to 26 Mg), need to be considered. The net change in Mg isotope ratios is determined by the competition between destruction and production of 24 Mg, 25 Mg, and 26 Mg at a given fluence and energy of incident particles. The relevant cross sections are obtained either from JANIS, 3 a French nuclear data display program which uses different nuclear properties determined empirically from the databases (e.g., ENDF/B-VII and Exfor; Chadwick et al. 2006) , or from the TALYS code (Koning et al. 2005) , which calculates cross sections based on the HauserFeshbach statistical model. By comparison to experimental data, we estimate that the TALYS cross sections are accurate to ∼30% or better at the low-energy regime (E 100 MeV amu −1 ) but can be as much as a factor of 2 off on the high energy side (100 < E 250 MeV amu −1 ). We propagate into our model uncertainties this factor of 2 uncertainty in the cross sections, thereby maximizing the possible range of induced isotopic variations. The starting material is assumed to be isotopically normal, i.e., to have the terrestrial composition (i.e., δ 25 Mg = δ 26 Mg = 0). The calculations for both stable isotopes and radionuclides are performed by expressing the flux of projectiles in the form of a differential spectrum dN/dE ∝ E −γ with respect to kinetic energy, where the index γ determines the steepness of the spectrum and also implies the constituents of the incident 3 http://www.nea.fr/janis/ particles. For example, impulsive solar flare events are characterized by a steep energy spectrum with high γ (= 3.5) and high abundances of 3 He, whereas gradual flares are described by a shallower spectral index (low γ ) and lower 3 He abundances (Lee et al. 1998; Gounelle et al. 2001) . Gounelle et al. (2006) (Liu et al. 2009 ). Thus, an irradiation scheme, similar to that of Gounelle et al. (2006) , is constructed here to examine possible spallogenic Mg isotope anomalies. We adopt the proton flux estimated by Lee et al. (1998) based upon the X-ray observations of embedded young solar-type stars (e.g., Kamata et al. 1997 , also see Feigelson et al. 2002a Feigelson et al. , 2002b , with F p (E 10 MeV) = 1.9 × 10 10 cm −2 s −1 . The abundance of alpha particles relative to protons is fixed at 1/300 and we assume that no 3 He is present in the gradual flare events. The chemistry of irradiated solids is taken to be PLAC-like, i.e., 88 wt% of Al 2 O 3 and slightly less than 1 wt% of MgO, which translates to 27 Al/ 24 Mg ∼100. Because of the small size of the samples (∼70 μm across), we further assume that the energy dissipation is negligible while the projectiles propagate through the targets (i.e., dE/dx = 0). The proton fluence experienced by these grains must reproduce the observed 10 Be/ 9 Be in PLACs (∼5 × 10 −4 ; Liu et al. 2009 ); this corresponds to an irradiation time of ∼11 years for the flux given above. Given that the best-constrained 10 Be/ 9 Be value in CAIs is ∼1 × 10 , x) ). Cross sections for all considered reactions are plotted in Figure 1 , from which one can note that the energy threshold of different nuclear reaction varies widely. Thus, the lower energy cutoff of the incident particles is kept as a free parameter in this calculation to examine how it influences resulting δ 25 
RESULTS
The Mg isotopic composition of a PLAC irradiated with an energy threshold from 10 to 40 MeV amu −1 is shown in Figure 2. The range of calculated δ 25 Mg is in good agreement with the measured values from PLAC hibonites (−2 ∼ +2‰ with 1‰-2‰ errors, see Ireland 1988; Liu et al. 2009 ). Since δ 25 Mg is conventionally interpreted as due to mass fractionation in objects formed in the early solar system, this calculation shows that the degree of inferred mass fractionation of Mg will not be significantly influenced by spallation, even for phases with very high Al/Mg (such as hibonite). On the other hand, because spallation affects the relative abundances of all three Mg isotopes, the inferred non-mass-dependent effects are significant.
In Figure 3 , Δ 26 Mg, the horizontal distance of any point on the spallation curves to the mass-dependent fractionation line (Figure 2) , is shown as a function of the energy cutoff. The gray band represents the range of calculated Δ 26 Mg depending on the fluence, with dashed lines indicating the confidence limits derived from the uncertainties of the cross sections. It is clearly seen that either a positive or negative Δ 26 Mg anomaly can be produced in a PLAC grain depending on the energy cutoff of the projectiles. If more low-energy protons are available, positive anomalies dominate, whereas negative anomalies are realized when only relatively high-energy particles (E min 22 MeV amu −1 ) are involved in the nuclear reactions. The magnitude of Δ 26 Mg at a given energy cutoff and proton fluence depends directly on the 27 Al/ 24 Mg of the target so that a factor of 2 increase in this ratio would result in an increase in Δ 26 Mg by a similar factor.
In addition to a shift in magnesium isotope abundances, the irradiation also produces 26 Al whose abundance relative to 27 Al drops with increasing energy cutoff, varying from 1.7 × 10 −6 to 0.5 × 10 −6 depending on proton fluence (Figure 4 ). After decay, this 26 Al would increase Δ 26 Mg by 1.2‰-0.3‰ overprinting the pure spallogenic shift in Mg. As expected under irradiation conditions characteristic of gradual flares (Gounelle et al. 2006) , the 26 Al/ 27 Al is much lower than the typical levels of CAIs, whereas 10 Be/ 9 Be is produced in amounts commensurate with experimental observations (e.g., Liu et al. 2009 (Sisterson et al. 1997) . Thus, given a certain proton fluence, the ratio of 10 Be/ 9 Be should be similar among all PLACs, whereas the Δ 26 Mg value could show a range because of the protons with energies between 10 and 30 MeV amu −1 . This provides an explanation for why PLACs with different Δ 26 Mg can exhibit similar 10 Be/ 9 Be ratios of ∼ 5 × 10 −4 . As previously mentioned, the variability of Δ 26 Mg values produced by irradiation depends importantly on the details of the energy spectrum, in particular on the relative abundance of low-energy particles in the range between 10 and 30 MeV amu −1 . Our assumption of an energy cutoff for the irradiation conditions means effectively that the power-law spectrum is flattened (or truncated) below this value. Although this may appear to be unphysical and an ad hoc assumption, similar variability in energy spectra of distinct SEP events is observed in the modern Sun and has been attributed to acceleration and propagation effects (e.g., Reames 1999) . Note that passive shielding, by nebular dust and gas, will not accomplish the necessary "bend over" in the energy spectrum of the projectiles that could lead to both positive and negative Δ 26 Mg values. Even if plausible physical conditions of irradiation can be constructed to effectively reduce or eliminate lower energy protons, our calculations indicate that it would still be difficult to explain the full range of Δ 26 Mg deficits in PLACs by about a factor of 2. Thus, irradiation may explain why there are more positive or zero than negative Δ 26 Mg anomalies, but it still may be necessary to appeal to inherited Mg isotopic anomalies to explain all the hibonite data (Liu et al. 2009 ).
CONCLUSION
Our calculations demonstrate that spallation on solid targets of platy hibonite (PLAC) chemistry under a solar gradual flare condition can result in measurable magnesium isotopic anomalies. The resultant Δ 26 Mg varies from +1.5‰ to −1‰, primarily controlled by the energy cutoff of projectiles, within a reasonable range of proton fluence. The magnitude of positive Δ 26 Mg in our model matches analyses of meteoritic hibonites reasonably well. However, to make a 4‰ deficit fully by such an irradiation scheme is problematic. Despite such a deficiency, this model provides a self-consistent way to reconcile the decoupling between Δ 26 Mg and 10 Be/ 9 Be and that between 10 Be/ 9 Be and 26 Al/ 27 Al. Experimental studies in which terrestrial hibonite grains are irradiated by protons with energy and fluence comparable to those in the early solar system are needed to test the accuracy of this model.
